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In this paper we provide a no-scale supergravity scenario of hybrid inflation with R-
symmetry being broken maximally. We Investigate the inflation dynamics in details in both
cases of pure F-term hybrid inflation and when adding constant Fayet-Iliopoulos D-terms.
We explore all regions in the parameter space when discussing the observables. The effective
inflation potential is asymptotically flat in a region of the parameter space in both cases. We
discuss the constraints on the parameter space from inflation. We point out a connection
between inflation, R-symmetry breaking and GUT scales. The moduli backreaction and
SUSY breaing effects are investigated in a specific stabilization mechanism. We emphasis
that a successful reheating is not affected by R-symmetry breaking, but it has interesting
consequences. We study the reheating in flipped GUT model. We argue in favor of Z2
associated with flipped GUT models to avoid phenomenologically dangerous operators and
allow for decay channels for the inflaton to right-handed neutrinos (sneutrinos).
I. INTRODUCTION
Since its discovery, the accumulation of the data from the Cosmic Microwave Background (CMB)
over the past years supports the cosmological inflation paradigm. The most recent data by Planck
collaboration [1], confirmed that the spectral index of the scalar fluctuations is ns = 0.955− 0.974,
up to 2 sigma exclusion limits, while the upper bound on the tensor to scalar ratio is r < 0.08. This
may hint at a connection between the ideas of cosmological inflation and supersymmetric grand
unification. It turns out that the inflation energy scale is estimated as
V 1/4 ∼
( r
0.01
)1/4 × 1016 GeV , (1)
One of the key issues in cosmology, is building a cosmological inflation model that accommo-
dates the current observational constraints and connects to particle physics via reheating phase.
Supergravity offers a promising framework for constructing inflationary models. At such large
scale of inflation, supergravity effects should be taken into account. Building supergravity models
of inflation is not an easy task. Basically, three problems arise:
• The η-problem: which appears due to the supergravity contributions to the infaton mass
which spoils the slow-roll conditions.
• Effective single field inflation: this is guaranteed if other fields acquire large masses of the
same order as the Hubble scale and hence frozen during the inflation without affecting
the inflation dynamics. On top of its simplicity, it is a sufficient condition for avoiding
unacceptably large isocurvature fluctuations.
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2• Supersymmetry breaking: SUSY should be broken in flat space at the end of inflation and
connect with the low-energy physics.
The η-problem in models of large field inflation of supergravity can be solved by defining a shift
symmetry on a singlet inflaton [2–4], and moreover it can be defined on charged inflaton [5, 6]. The
Ka¨hler potential K(|X|2, S + S¯) is invariant under the shift symmetry S → S − α, with α being a
real constant, while the superpotential takes the form
W = X f(S), (2)
where X is a stabilizer field that is introduced to avoid negative quartic terms for large values
of the inflaton S, and f(S) is a holomorphic function in S. This class of models has a common
imprint of having unacceptably large value of tensor to scalar ratio r >∼ 0.1 which is excluded by
Planck recent observations [1].
Hybrid inflation models [8] can connect the inflation physics and particle physics via introducing
a GUT gauge symmetry, where the inflaton is coupled to the GUT higgs fields. A supersymmetric
model of hybrid inflation with an exact U(1)R (R-symmetry) was introduced in [9]. With the
following Superpotential and minimal Ka¨hler potential
W = κS(φ1φ2 −M2),
K = |S|2 + |φ1|2 + |φ2|2, (3)
inflation can be realized along the flat direction in which the GUT higgs fields φ1, φ2 are frozen
at the origin. The universe is dominated by a constant energy density V = κ2M4 as long as
|S| > |Sc| = M . The Coleman-Weinberg 1-loop correction to the potential provides a slope for the
inflaton to slowly roll resulting in small field inflation. The previous Superpotential is the most
general renormalizable one which is consistent with U(1)R symmetry. The R-charge assignments
are as follows: R[S] = 1, R[φ1φ2] = 0 and R[W ] = 1.
In that context, R-symmetry has important advantages. First, it prevents higher degree terms
such as S2 and S3 which spoil the small field inflation. Furthermore, the term µφ φ1 φ2 is not allowed
which spoils the inflation trajectory, φ1 = φ2 = 0, and breaks SUSY. Second it avoids naturally
the η-problem when supergravity corrections are included, since the calculated mass squared of
the inflaton from the supergravity potential cancels at the tree level [10]. Third, U(1)R symmetry
has many phenomenological advantages in the low energy effective theory [11, 12, 48]. It forbids
higher dimensional operators that contribute to proton decay as it gives rise to an accidental U(1)B.
Moreover its unbroken Z2 subgroup acts as matter parity which prevents couplings that lead to the
LSP decay. In addition, R-symmetry may contribute to a solution to the µ-problem as it forbids the
MSSM Higgs mixing term µHHuHd. The latter term can be generated via Giudice - Masiero (GM)
mechanism [14]. Nevertheless, the standard hybrid inflation models with R-symmetry predicts a
large spectral index ns ∼ 0.98 far from the observation limits and small tensor to scalar ratio
r ∼ 10−5.
Interestingly, no-scale supergravity offers a natural solution to the η-problem and can yield an
inflation potential with a plateau adequate for slow rolling. Indeed the supergravity scalar potential
3resembles that in a globally supersymmetric version, where a cancellation happen between |W |2
and terms of Ka¨hler derivatives products in |DW |2. The latter happens due to the noncompact
SU(N, 1)/SU(N)× U(1) no-scale symmetry [20, 21]. Therefore the scalar potential goes like
V ∼ eK/M2P
∑
φ
∣∣∣∣∂W∂φ
∣∣∣∣ .
In some cases [22–24], the resulting inflationary potential is the Starobinsky potential of inflation
[7], with predicted inflation observables being in the core of the the allowed regions of Planck data.
The Cecotti model [22] and its modification [23] depend on the no scale symmetry SU(2, 1)/SU(2)×
U(1), with two superfields employed as a stabilizer superfield and inflaton superfield. The model
of Ellis-Nanopoulos Olive(ENO) [24] relies on the no-scale symmetry SU(2, 1)/SU(2)×U(1) with
two superfields as well. One superfield corresponds to the inflaton S and the other is identified
as a modulus superfield T . The superpotential was chosen as the Wess-Zumino model, hence the
superpotential and the Ka¨hler potential are given by
W =
µ
2
S2 − λ
3
S3,
K = −3 log
[
T + T¯ − |S|
2
3
]
(4)
The modulus field is stabilized at high scale by string theory mechanisms such as the KKLT [18],
LVS [19] or other mechanisms such as [30, 31]. Therefore, one ends up with a single field inflation.
In this class of models R-symmetry needn’t be exact to have a successful inflation. As a matter
of fact embedding the hybrid inflation, with superpotential respecting the R-symetry (3), in an
ultraviolet theory containing moduli fields, such as no-scale supergravity, has some difficulties.
The stabilized moduli backreact nontrivially on the inflation trajectory and in many cases spoil
the inflation [33, 36]. Furthermore, including the inflaton in the no-scale Ka¨her potential requires
redefining the fields to have canonical kinetic terms. This implies an effective inflaton potential
∼ cosh4 x which is too steep for inflation.
In Ref. [16, 17], R-symmetry was allowed to be broken softly by adding dimension four operator
to the superpotential suppressed by Planck mass, while R-symmetry was exact on the tree level. In
Ref. [16], non-canonical ka¨hler potential was considered as well as superpotential (3) corrected by
dimension four operator, which results in large field inflation. In Ref. [17] Starobinsky like inflation
results due to considering no-scale supergravity with a toy superpotential containing dimension two
and dimension four operator.
It is worth mentioning that an exact R-symmetry is a necessary condition for supersymmetry
breaking according to Nelson-Seiberg theorem [15]. On the other hand breaking SUSY sponta-
neously in a hidden supergravity sector implies a non-vanishing vev of the superotential 〈W 〉 6= 0,
since our universe is associated with an infinitesimally small vacuum energy. Therefore R-symmetry
is broken, since W has a non-trivial R-charge.
Our prime aim in this paper is to establish model independent hybrid inflation scenario in no-
scale supergravity and waive the R-symmetry constraint applied to the standard hybrid inflation
4models. We like to stress that both the inflation and the low energy consequences will be consistent
with observation when R-symmetry is broken maximally.
R-symmetry can be broken explicitly by adding the terms µS2 and λS3 to the superpotential
and choose µφ to vanish. Alternatively, R-symmetry may be broken spontaneously. The latter
may be stemming from a hidden sector containing a supperfield Ψ, with R-charge R[Ψ] = −1, that
acquires a non-zero vev. In that case the undesirable term µφ φ1 φ2 can be avoided since the term
Ψφ1 φ2 is not allowed as well as any higher order operator
Ψn
Mn−1P
φ1 φ2 where MP is the reduced
Planck mass. On the other hand, terms like ν1 〈Ψ〉S2 and ν2
MP
〈Ψ〉2S3 are allowed, with νi are
dimensionless couplings. This gives rise to an effective superpotential containing the terms µS2
and λS3 with the identifications µ ≡ ν1 〈Ψ〉 and λ ≡ ν2
MP
〈Ψ〉2. The values of µ, λ depend on the
R-symmetry breaking scale 〈Ψ〉 >∼ 1016 GeV, ν1 ∼ 10−1 − 10−4 and ν2 ∼ 10−1 − 10−3. At such
large scale of breaking R-symmetry, the associated R-axion problem does not exist [15].1
This paper is organized as follows. In section II we investigate the F-term hybrid inflation in
no-scale supergravity. We present a complete analysis of the effective inflation potential and explore
all allowed regions of the parameter space versus the Planck limits on the inflation observables. We
consider also hybrid inflation with Fayet-Iliopoulos D-term in section III and analyse the effective
inflation potential. In section IV we discuss the SUSY breaking and moduli backreaction on the
inflation in both models. Section V is devoted for discussing the reheating. We emphasize on the
specific choice of Z2 discrete symmetry as well as a gauge group such as flipped SU(5) to study the
reheating phase and some other phenomenological consequences when R-symmetry is not exact.
Finally we conclude in section VI.
II. NO SCALE F-TERM HYBRID INFATION (FHI)
We consider the following superpotential which is renormalizable and breaks R-symmetry
W = κS
(
φ1 φ2 −M2
)− µ
2
S2 +
λ
3
S3, (5)
Here S is the singlet inflaton superfield and φ1, φ2 represent conjugate representations of the Higgs
supermultipletes that transform non-trivially under GUT gauge group. The scalar components
φ1, φ2 acquire vevs in the SM neutral direction. The parameter M is the GUT symmetry breaking
scale. The parameter µ determines the scale of the inflation and λ is a dimensionless coupling
and they are responsible for the R-symmetry breaking in the superpotential. The gauge invariant
Ka¨hler potential has the no-scale structure
K = −3 log
[
T + T¯ − |S|
2
3
− |φ1|
2
3
− |φ2|
2
3
]
, (6)
which has the no-scale symmetry SU(1, 3). The modulus T can be stabilized at high scale [18, 19,
30, 31] with 〈Re(T )〉 = τ0, 〈Im(T )〉 = 0.
1 The complete details of R-symmetry breaking in the hidden sector is beyond the scope of our paper.
5The total scalar potential is the sum of the F-term and D-term potentials V = VF + VD. The
F-term scalar potential is given by
VF = e
K
[
DIK
IJ¯DJ¯W − 3|W |2
]
, (7)
where I, J run over T, S, φ1, φ2, K
IJ¯ is the inverse of the Ka¨hler metric KIJ¯ =
∂K
∂ZI∂Z J¯
, and DI
is the Ka¨hler derivative defined by DI =
∂
∂ZI
+
∂K
∂ZI
. We use the lower case letters i, j to run over
the inflation sector fields S, φ1, φ2. Here we are working in the units where the reduced Planck
mass Mp is unity. The D-term potential is given by
VD =
g2
2
Ref−1ABD
ADB, (8)
where fAB is the gauge Kinetic function and the indices A,B are corresponding to a representation
of the gauge group under which Zi are charged. The D-term DA is given by
DA =
∂K
∂Zi
(
TA
)i
j
Zj , (9)
with TA are generators of the GUT gauge group in the appropriate representation. Working in
the D-flat direction, the total potential will be given by F-term scalar potential
VF =
1
Ω2
3∑
i=1
∣∣∣∣∂W∂Zi
∣∣∣∣2 , Ω = T + T¯ − |S|23 − |φ1|23 − |φ2|23 (10)
It is clear that, the above scalar potential is positive semidefinite. Therefore it has a global minimum
which is supersymmetric and Minkowskian, located at
〈S〉 = 0 & 〈φ1φ2〉 = M2 & |φ1| = |φ2|. (11)
In fact DiW = W = 0 at the minimum. Looking at the superotential (5) which contains three
complex degrees of freedom, one notices that it depends on the combination φ1φ2. Taking into
account that R-symmetry is broken as well as the D-flat direction, |φ1| = |φ2| = ρ, hence one real
degree of freedom cancel. It is convenient to parametrize the complex scalar fields in terms of their
real components as follows
S =
s+ iσ√
2
, φ1 =
ρ√
2
exp
[
i
θ + Σ√
2M
]
, φ2 =
ρ√
2
exp
[
i
θ − Σ√
2M
]
, (12)
It is clear that the scalar potential (10) depends only on four real degrees of freedom, namely
s, σ, ρ, θ, while the fifth degree of freedom Σ will correspond to the massless goldstone boson which
is unphysical and will be eaten by the massless gauge boson to render it massive, hence it will not
contribute to the dynamics of inflation. In that representation, the minimum of the potential is
located at
s = σ = θ = 0 & ρ =
√
2M. (13)
However we rewrite the scalar potential (10) in terms of the Cartesian variables s, σ, α, β, with
α+ iβ = ρeiθ/(2
√
2M), when discussing the simulation and the mass matrices.
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FIG. 1: The inflaton dependent mass of the Higgs α with λ = 2.2×10−5, µ = 3.2×10−5, κ = 0.1,M = 10−2.
A. Inflation trajectory
Along the inflationary trajectory the potential (10) is minimized along the D-flat direction
φ1 = φ2 = 0, and the Higgs fields are fixed at the origin during the inflation and we have F-term
hybrid inflation (FHI). Accordingly the effective inflationary potential will be given by
Vinf =
1(
2τ0 − |S|23
)2 ∣∣κM2 + µS − λS2∣∣2 , (14)
and the Hubble scale during inflation is H2 = Vinf/3. It is worth mentioning that the effective
infationary potential is starobinsky-like and it is similar to the one obtained in [25].2
We turn to discuss the stability of the inflation trajectory resulting in effectively a single field
inflation. In order to have a canonical kinetic terms for the inflaton S we should have the following
field redefinition
S =
√
6τ0 tanh
(
χ√
3
)
, χ =
x+ i y√
2
. (15)
where x is the slow rolling inflaton. The target space metric during inflation is diagonal in the
basis (x, α, y, β) and is given by
gij
∣∣∣
inf
= diag
[
1,
1
τ0
cosh2
(
x√
6
)
, 1,
1
τ0
cosh2
(
x√
6
)]
. (16)
The fields α, β, y are fixed at the origin during the inflation, since the scalar potential is minimized
for α = β = y = 0 and their inflaton field dependent masses are larger than the Hubble scale
during inflation as follows
m2y
H2
' 4 , m
2
α
H2
=
m2β
H2
' 2 . (17)
2 In [25] they assumed the supergravity realization of Starobinsky with adding a Polonyi term to break SUSY along
and after inflation. In our scenario, we have Starobinsky like potential due to stabilizing the Higgs at the origin, and
after the inflation ends SUSY is exact at the global minimum while it is broken along the inflationary trajectory.
Therefore the phenomenology is different. Moreover, we will give a complete analysis of the potential from the
point of view of the phenomenology of our model and will investigate all regimes of the parameter space that are
not discussed in [25].
7FIG. 2: The scalar potential of x, α near the SUSY vacuum (left panel) and for large values of x (right
panel), with β = y = 0 and λ = 2.2× 10−5, µ = 3.2× 10−5, κ = 0.1,M = 10−2.
The above equations have been extracted for large values of the inflaton field x. After inflation
ends, the fields β, y are fixed at zero value. On the other hand, α will be fixed at α = 0 during
inflation as its field dependent mass is positive. As the inflaton rolls down, its value decreases to
smaller values until it reaches a critical value xc at which the field dependent mass m
2
α changes to
negative and α = 0 becomes a local maximum as indicated in Fig. 1. This triggers the waterfall
phase and α goes to its true minimum α =
√
2M . In particular, for small x, to leading order
m2α =
2κ2M2
3c2
(
M2 − 3τ0
)
. (18)
Therefore, for small values of x, m2α < 0 whenever M
2 < 3τ0.
The critical value of inflaton xc which triggers the waterfall, can be computed from the inflaton
dependent mass squared of α which is given for small x by
m2α ' a0 + a1x+ a2x2,
where
a0 = −
κ2M2
(
3τ0 −M2
)
6τ20
, a1 = −
κµ
(
3τ0 − 2M2
)
6τ
3/2
0
a2 =
(
18τ20κ
2 + 18τ20κλ+ 6τ0µ
2 − 3τ0κ2M2 − 12τ0κλM2 + 4κ2M4
)
36τ20
Accordingly, the critical value of the inflaton xc at which the sign of m
2
α flips to a negative sign, is
given to leading order in µ and λ by
xc '
√
1
τ0
M +
µ√
4τ0 κ
− λ
(
µ√
4τ0 κ2
+
M√
4τ0 κ
)
(19)
In Fig. 2, we show the potential of x, α. For large values of x the potential is minimimum
α direction at α = 0 and the x direction is flat, whereas for small x inflation ends and waterfall
happens.
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FIG. 3: Simulation of the scalar fields: x(t) (left panel) and α(t) (right panel), where λ = 2.2 × 10−5, µ =
3.2× 10−5, κ = 0.1,M = 10−2. The red dotted lines represent the field values at the SUSY minimum. The
time is measured in Hubble units.
We will simulate the time evolution of the scalar fields by solving the supergravity equations of
motion:
Ψ¨I + +3HΨ˙I + ΓIJLΨ˙
JΨ˙L +KIJ¯
∂V
∂Ψ¯J¯
= 0, (20)
H2 =
1
3
[
KJL¯ Ψ˙
J ˙¯Ψ
L¯
+ V
(
ΨI
)]
, (21)
where ΓIJL = K
IQ¯∂JKLQ¯ are the connection coefficients of the Ka¨hler manifold.
Fig. 3 depicts the the simulation of the inflaton x which slowly rolls and finally reaches the
SUSY minimum at x = 0, while the higgs α is fixed at zero during inflation then acquires a
tachyonic mass hence goes to the SUSY minimum at α =
√
2M . On the other hand, y, β are fixed
at zero during and after inflation.
B. Inflaton effective potential
The potential (14) is positive semi-definite and its global minimum is Vinf = 0 when
S =
1
2λ
(
µ±
√
µ2 + 4λκM2
)
(22)
Here, it is clear that for M = 0, we return to the original ENO model of [24]. Using the field
redefinition (15), the resulting potential will have the form
Vinf = a sec
2
(√
2
3
y
) ∣∣∣∣cosh(x+ iy√6
)∣∣∣∣4 ∣∣∣∣b+ f tanh(x+ iy√6
)
− tanh2
(
x+ iy√
6
)∣∣∣∣2 (23)
where
a = |3λ|2 , b = κ Mˆ
2
λ
, f =
µˆ
λ
, (24)
where µˆ = µ√
6 τ0
, Mˆ = M√
6 τ0
are dimensionless quantities. Apparently the simple Starobinsky case
(ENO) [24], is recovered for f = 1, b = 0. Expanding the hyperbolic functions, considering that y
is frozen at the origin, the effective inflationary potential will be given by
9Vinf =
a
4
(
(1 + b) + (b− 1) cosh
(√
2
3
x
)
+ f sinh
(√
2
3
x
))2
(25)
Clearly, the location of the minimum of the potential at x0 is shifted from the origin once b 6= 0:
x0 =
√
6 tanh−1
(
f ±
√
f2 + 4b
2
)
. The lower sign is chosen such that the minimum is shifted to
the left and hence x∗ > x0 is guaranteed. In that respect, we have the important constrain xc > x0
is satisfied also. The latter allows for the waterfall and hence the fields α, x stabilize to their true
minima at 0,
√
2M , respectively. We study two regimes in the parameter space:
• Case I
An interesting case for the inflation potential is the limit when b → 1 − f , the potential
becomes flat for large values of x with constant hight a4 (1 + b)
2.3 In this limit the potential
will have the following form
Vinf
∣∣∣∣∣
f→1−b
=
a
4
(
(b+ 1) + (b− 1)e−
√
2
3
x
)2
(26)
Fig. 4 illustrates the Starobinsky-like potential (25) for the case when the parameters b, f
are related as b = 1 − f . For the case when b = 0 (f = 1), we restore the Starobinsky
inflation case. The minimum will be located at x0 = −
√
6 tanh−1 (b/2).
f=1
f=1-b
-2 0 2 4 6 8 10
0.0
0.1
0.2
0.3
0.4
0.5
x
V
in
f
/a
f=1-b
b=0
b=10-6
b=10-4
b=10-2
0 5 10 15 20
0.0
0.1
0.2
0.3
0.4
0.5
x
V
in
f
/a
f=1
FIG. 4: The left panel rerpresents Starobinsky-like potential (25) for b = 1− f . The black curve represents
the Starobinsky case when f = 1, (b = 0) and the minimum is located at the origin, while the dashed blue
one represents the case when f deviates from 1 by an amount equals b and the minimum is shifted to the
left. The potential is flat for large values of x. The right panel rerpresents Starobinsky-like potential (25)
with fixing f = 1 and changing b = 0, 10−6, 10−4, 10−2. The shifted minima are not clear due to the scale
of the graph.
3 In [25], they considered only the case where f = 1 and b is being a perturbation for ENO model. They infer a
restriction from inflation on b <∼ 10−4 which gives rise to TeV SUSY breaking scale. It will turn out that b is not
restricted by inflation to such tiny values, since the potential in the regime f = 1− b has a plateau for large x and
the former constraint is relaxed to be b <∼ 0.25.
10
¶=10-6
¶=10-3
¶=-10-6
¶=-10-3
0 5 10 15 20 250.0
0.1
0.2
0.3
0.4
0.5
x
V
in
f
a
f =1- b+¶ , b=10-3
FIG. 5: The inflationary potential 25 in case f = 1− b+ ε, for different non-zero values of ε and keeping b
fixed.
• Case II:
If f = 1− b+ ε, the effective potential (25) can be written as
Veff =
a
4
[
(b+ 1) + (b− 1)e−
√
2
3
x
]2
+
a
2
ε sinh
(√
2
3
x
)[
(b+ 1) + (b− 1)e−
√
2
3
x
]
+
a
4
ε2 sinh2
(√
2
3
x
)
. (27)
The first term corresponds to the flat potential (26) in case I, where f = 1− b. The second
and third terms are corrections due to ε, which are proportional to powers of sinh
(√
2
3 x
)
.
The latter Spoils the plateau of (26) as demonstrated in Fig. 5.
Now we turn to discuss the contributions from radiative corrections to the tree-level scalar
potential via one-loop Coleman-Weinberg corrections [26]
V1-loop(S) =
1
64pi2
Str
[
m(S)4
(
log
(
m(S)2
Q2
)
− 3
2
)]
, (28)
where the supertrace is taken over all superfields with inflaton dependent masses m(S). As advo-
cated above (II A), the stabilized fields during the inflation have m(S) ∼ H. Since H2 ∼ aM2p ∼
10−10M2p , the 1-loop correction V1-loop ∼ H
4
64pi2
<∼ 10−22 which is negligible compared to the tree
level potential.
C. Inflation Observables
Here we will investigate the inflation observables and see the constraints on the different scales
µ and M . We investigate the inflation observables such as the tensor-to-scalar ratio r, scalar tilt
ns and the scalar amplitude As (sensitive to the scale of the inflation), and they can be expressed
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FIG. 6: A logarithmic plot (for vertical axis only) for ns and r of the inflationary potential Eq. (25). Here
we fix b = 10−3 and scanning over ε ∈ [−10−4, 10−4] with N = 60 for the blue curve, and N = 50 for the
green curve. The darker and lighter red regions correspond to the 1 and 2 sigma exclusion limits released
by the Planck collaboration (2018) (TT+ TE+ EE + LowE + Lensing + BK14)[1].
in terms of the slow-roll parameters  and η as follows
r = 16
ns = 1− 6+ 2η
As =
V
24pi2
,
where the above observables are computed at the crossing horizon value of the inflaton field x∗.
The number of efolding is given by
N =
∫ x∗
xe
1√
2
dx, (29)
where xe is the value of the inflaton at the end of inflation. The value of a is fixed by observed
value of the scalar amplitude As ' 1.95896 ± 0.10576 × 10−9 at 68% CL [1]. Now we analyze
different regimes in the parameter space that leads to successful inflation.
In the limit f = 1− b, we analyze the inflation described by effective potential (26). It is clear
that the slow roll parameters depend only on b. In that case xe is given by
xe =
√
3
2
log
(
5(1− b)
3(1 + b)
)
. (30)
This imposes the constrain 0 < b < 0.25, such that xe is positive. The observables ns and r are
independent of b, and depend only on N (see Appendix A). They have the following form
ns ' 1− 2
N
− 3
N2
, r ' 12
N2
(31)
12
In that case b has only upper bound is not fixed by ns, r and As. If the flat regime is perturbed
as f = 1− b+ ε, then corresponding potential (27) is not asymptotically flat. Hence, the inflation
may not succeed.
In Fig. 6 we show a logarithmic plot for ns and r prediction of the inflationary potential Eq.
25, for both the cases I and II. Changing b doesn’t affect the values of ns and r. In particular,
the case of f = 1 − b, represented by the black dashed segment, ns and r depends only on N as
demonstrated in Appendix A. We have changed f(ε) by changing ε ∈ [−10−4, 10−4] for values of
N = 50, 60.
Figure 7 depicts the allowed region by the observed value of scalar amplitude 1.853 × 10−9 <∼
As <∼ 2.063×10−9, in the ε−a plane with fixing b = 10−3. The range of values of a ∼ 2.2×10−10−
7.4 × 10−10. The energy scale of inflation Minf (in the flat potential case I) can be estimated in
Planck units as
Minf ∼
(a
4
)1/4√
1 + b ∼ 0.42
( r
0.01
)1/4 × 10−2 ∼ 3× 10−3 (32)
Therefore the inflation scale Minf is of order GUT scale. For κ ∼ 0.1, λ ∼ 2.2× 10−5, τ0 >∼ 1 and
b ∼ 0.001 − 0.1, the Grand Unification scale is M ∼ 0.01 − 0.001 in Planck units. This provides
us with a connection between inflation scale, R-symmetry breaking scale that is encoded in the
parameters µ and λ, and the GUT scale.
N=50
N=60
-1.0 -0.5 0.0 0.5 1.0
1
2
3
4
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7
ε (×10-4)
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-
1
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b=10-3
FIG. 7: Region plot for the scalar amplitude As in the ε− a plane with fixing b = 10−3. We let the number
of e-foldings N to take two values: N = 50 for the blue region & N = 60 for the red region.
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III. NO SCALE HYBRID INFATION WITH CONSTANT FAYET-ILIOPOULOS
D-TERMS (FDHI)
In this section we add Fayet-Iliopoulos D-term and study the hybrid inflation by considering the
same Ka¨hler potential (6) and the following renormalizable superpotential that breaks R-symmetry
W = κS φ+ φ− +
µ
2
S2 − λ
3
S3, (33)
Again S is the singlet inflaton superfield while φ+, φ− have opposite charges under U(1) gauge
group which is anomalous or non-anomalous [27]. The total scalar potential is the sum of the
F-term and D-term potentials. Here the D-term DA is given by
DA =
∂K
∂Zi
(
TA
)i
j
Zj + ξA, (34)
with ξA are Fayet-Iliopoulos D-terms exist for the U(1) gauge groups. We consider U(1) gauge
group and the gauge kinetic function as the Kronecker delta, hence the total potential will be given
by
V =
1
Ω2
3∑
i=1
∣∣∣∣∂W∂Zi
∣∣∣∣2 + g22
( |φ+|2
Ω
− |φ−|
2
Ω
+ ξ
)2
, (35)
Again the scalar potential is positive semidefinite. The global minimum is supersymmetric and
Minkowskian and is corresponding to DiW = W = D
A = 0. It is located at
〈S〉 = 0 & 〈φ+〉 = 0 & 〈|φ−|〉 =
√
6τ0ξ
3 + ξ
. (36)
We will parametrize the complex scalar fields in terms of their real components as follows
S =
s+ iσ√
2
, φ+ =
α1 + iβ1√
2
, φ− =
α2 + iβ2√
2
, (37)
One can write φ− in polar representation as φ− = ρ+ρ0√2 e
θ/
√
2ρ0 with ρ0 being the vev, hence θ
will correspond to the massless goldstone boson and the dynamics will depend on five real degrees
of freedom [5]. However will work on the basis s, σ, α1, α2, β1, β2 and β2 is mainly the goldstone
boson, hence the minimum of the potential is located at
s = σ = α1 = β2 = β1 = 0 & α2 =
√
6τ0ξ
3 + ξ
. (38)
A. Inflation trajectory and effective potential
Along the inflationary trajectory the potential (35) is minimized along the direction φ+ = φ− =
0, and the Higgs fields are stabilized at the origin during the inflation. In that case, the effective
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inflationary potential has a contribution from the F-term and D-term potentials (FDHI)
Vinf =
g2ξ2
2
+
1(
2τ0 − |S|23
)2 ∣∣µS − λS2∣∣2 , (39)
therefore The above potential is the same as the ENO model [24] but shifted by the energy density
g2ξ2
2 . We use the same field redefinition (15), then the target space metric during inflation is found
to be diagonal in the basis (x, α1, y, β1, α2, β2) and is given by
gij
∣∣∣
inf
= diag
[
1,
1
2τ0
cosh2
(
x√
6
)
, 1,
1
2τ0
cosh2
(
x√
6
)
,
1
2τ0
cosh2
(
x√
6
)
,
1
2τ0
cosh2
(
x√
6
)]
.
Similarly the fields α1, β1, α2, β2, y are fixed at the origin during the inflation, since the scalar
potential is minimized for α1 = β1 = α2 = β2 = y = 0. As a matter of fact, minimizing the
potential in the direction of α2 gives two solutions, namely α2 = 0 and the other solution for
x 1 is given by α22 = −
24τ0(λ− µˆ)2
κ2
. The latter gives complex value for α2 and the only allowed
minimum during inflation is α2 = 0. The field dependent masses are larger than the Hubble scale
during inflation as follows
m2y
H2
' 4, m
2
α1
H2
=
m2β1
H2
=
m2α2
H2
=
m2β2
H2
' 2. (40)
The above equations have been extracted for large values of the inflaton field x. In fact the field
dependent squared mass matrices of (α1, α2) and (β1, β2) have mixing terms which are very small
in the large limit of the inflaton field. The fields α1, β1, β2, y will be fixed at zero during and after
inflation. On the other hand α will be fixed at α = 0 during inflation with positive field dependent
mass squared. As the inflaton rolling down, its value decreases to smaller values until it reaches a
critical value xc at which the field dependent mass m
2
α2 changes to negative and α = 0 becomes a
local maximum. This triggers the waterfall phase and α goes to its true minimum. In particular,
for small x, to leading order m2α2 = −g2ξ. To find the critical value of the inflaton xc which triggers
the waterfall, we expand the masses for small x, hence
m2α2 ' x2
(
κ2
2
+ µˆ2
)
− g2ξ . (41)
Accordingly, the critical value xc at which the sign of m
2
α flips to negative sign, is given to leading
order in ξ by
xc ' g
√
2ξ√
κ2 + 2µˆ2
. (42)
The effective inflationary potential has a plateau for λ = µˆ and is given by
Vinf = ξˆ
2 +
9µˆ2
4
(
1− e−
√
2
3
x
)2
, (43)
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FIG. 8: Region plot for the scalar amplitude As in the ε− a plane with fixing ξˆ = 10−6. We let the number
of e-foldings N to take two values: N = 50 for the blue region and N = 60 for the red region.
which is the Starobinsky potential shifted by ξˆ2 = g
2ξ2
2 . On the other hand, perturbing the plateau
with λ = µˆ+ ε, the potential is given by
Veff = ξˆ
2 +
9µˆ2
4
(
1− e−
√
2
3
x
)2
− 18 ε µ e
√
2
3
x
sinh3
(√
2
3
x
)
+ 9 ε2 e
2
√
2
3
x
sinh4
(√
2
3
x
)
. (44)
Therefore the plateau is spoiled by the last two terms which are very steep.
Now we turn to discuss the observables. The value of x at the end of inflation is
xe =
√
3
2
log
 15µˆ
2
√
36µˆ2 + 15ξˆ2 − 3µˆ
 .
In order to have xe > 0, the constraint ξˆ <
√
3µˆ should be satisfied. The shift by ξˆ2 doesn’t alter
the predictions of the ENO model [24], whenever ξˆ <
√
3µˆ. The scale of inflation is determined by
observed value of the scalar amplitude As ' 1.95896± 0.10576× 10−9 [1], and is given by
Minf =
(
ξˆ2 +
9
4
µˆ2
)1/4
. (45)
Since the predicted r ∼ 10−3, Minf is of order GUT scale. Figure 8 displays the allowed region
by the observed value of scalar amplitude, in the ε − µˆ plane with fixing ξˆ = 10−6. The range of
values of µˆ ∼ 3.2× 10−5 − 9.2× 10−5.
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IV. MODULI BACKREACTION AND SUSY BREAKING
An essential component of the no-scale inflationary models is the modulus field T . It turns out
that the stabilization mechanism of the modulus field can affect the inflation trajectory [33–40, 40–
42]. In this section we study the effect of the modulus stabilization and the expected backreaction
on the inflationary trajectory. We will focus on the mechanism proposed in [30, 31] which provides
a strong stabilizing terms in the Ka¨hler potential as follows
K = −3 log
[
T + T¯ − |S|
2
3
− |φ1|
2
3
− |φ2|
2
3
+
(
T + T¯ − 2τ0
)4
+
(
T − T¯ )4
Λ2
]
, (46)
where the scale Λ′  1 such that the modulus acquires large mass and stabilizes during the
inflation. The above Ka¨hler potential preserves the no-scale structure with stabilizing the modulus
at τ0, where τ0 is represents the minimum of the modulus in absence of inflation sector. Including
the inflation sector, the large positive energy density during inflation shifts the modulus minimum
of T by δT . The effective scalar potential is then given, to leading order in δT , δT¯ , in terms of the
total supergravity scalar potential V by
Veff = V (τ0) +
(
δT
∂V
∂T
∣∣∣
τ0
+ δT 2
∂2V
∂T 2
∣∣∣
τ0
+ c.c.
)
+ δT¯ δT
∂2V
δT¯ ∂T
∣∣∣
τ0
+O(δT 3) (47)
The displacement δT is obtained by imposing the minimization condition: ∂TV |τ0+δT = 0 or
equivalently ∂δTVeff = ∂δT¯Veff = 0.
It turns out that the exact no-scale symmetry will preserve the inflation potential from dangerous
terms such as the soft mass term and the term proportional to −3|W |2 [39, 42]. However, the
stabilizing term in the Ka¨hler (46) doesn’t have an origin from UV theory such as string theory.
Using instead, mechanisms of moduli stabilization in string theory such as KKLT or LVS models,
the no-scale structure is broken by the non-perturbative terms in the moduli superpotential and
the backreaction of the moduli results in dangerous terms arising from |W |2 in the scalar potential,
which soils the plateau[42].
A. Backreaction on no-scale FHI
We add a constant W0 to the superpotential (5) and use the Ka¨hler potential (46). At the
global minimum, SUSY is broken via the F-term only in the directions of T and φ1, φ2 with zero
cosmological constant. The gravitino mass and the modulus mass are given by
m3/2 =
W0(
2τ0 − 2M23
)3/2 , m2T = 864 τ20 W 20Λ2 (M2 − 3τ0)2 '
768m23/2 τ
3
0
Λ2
. (48)
On the other hand during the inflation SUSY is broken via D-term and via F-term in the
direction of T and S. The waterfall fields and y are still fixed at the origin during the inflation.
Hence, the effective potential is given by
Veff = V0
[
1− 8V0
3m2T
+O
(
H3
m3T
)]
, V0 =
a
4
(
(b+ 1) + (b− 1)e−
√
2
3
x
)2
, (49)
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As expected, the modulus backreaction on the inflation potential results in corrections suppressed
by powers of the large modulus mass which doesn’t affect the plateau.
B. Backreaction on no-scale FDHI
Similarly we add a constant W0 to the superpotential (33) and use the Ka¨hler potential (46).
At the global minimum, SUSY is broken via the F-term only in the direction of T and φ− with
zero cosmological constant. The gravitino mass and the modulus mass are given by
m3/2 =
(
ξ + 3
6τ0
)3/2
W0 , m
2
T =
4(ξ + 3)2
(
g2Λ2ξ2 + 72W 20
)
27Λ2
. (50)
On the other hand during the inflation SUSY is broken via D-term and via F-term in the
direction of T . The effective inflation potential is given by
Veff = ξˆ
2 + V0
[
1− 8V0
3m2T
+O
(
H3
m3T
)]
, V0 =
9µˆ2
4
(
1− e−
√
2
3
x
)2
, (51)
where the waterfall fields and y are still fixed at the origin during the inflation. Again, the modulus
backreaction on the inflaton potential is negligible and the plateau is not affected.
V. REHEATING
In this section we study the reheating after inflation which is one of the interesting consequences
of the FHI model. The mass matrix of the inflaton and the higgs (B2) is not diagonal. The mixing
between the inflaton and the higgs fields is proportional to µ. The later is stemming from R-
symmetry breaking term in the superpotential (5). This will have important impacts on the
reheating scenario. Indeed that provides additional motivation for the inflation scenario II where
a natural coupling of the inflaton (via the mixing with the GUT higgs) to the the MSSM sector
can arise and may contribute to the reheating stage.The mixing angle is given, in terms of the mass
matrix (B2) entries, by
tan(2θ) =
2M12
M22 −M11 (52)
The physical states (we use the canonical inflaton x) and the physical masses are given as follows
x′ = x cos θ + νcH sin θ , α
′ = −x sin θ + νcH cos θ
The reheating is dependent on the choice of the gauge symmetry group. We will consider the
flipped GUT (FGUT) gauge group SU(5)× U(1)X (or flipped SU(5)) which has many appealing
features as well as the advantage of being free from the monopoles [43].
The field representations of the flipped SU(5) group are listed in Table I as well as the respective
U(1)X charges. The QX charges are assigned such that the SM hypercharge is obtained as [6]
Y =
1
5
(QX −QY ′) , (53)
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where QY ′ is the charge associated with the first abelian factor of the broken U(1)Y ′×U(1)X , subal-
gebra of SU(5)×U(1)X . Y ′ is the diagonal generator of SU(5) and QY ′ = 1
6
diag (−2,−2,−2, 3, 3).
In this regard the particle content is accommodated in the flipped SU(5) representations as
follows [6, 44, 48]:
• The standard model (SM) matter content is contained in the representations 10F , 5¯F and
1F as follows
10F (1) = {Q, dc, νc} , 5F (−3) =
(
uc
L
)
, 1F (5) = e
c.
• The SM Brout-Englert-Higgs bosons responsible for the electroweak symmetry breaking, are
contained in 5¯Hu and 5Hd .
5¯Hu(2) =
(
Dc
Hu
)
, 5Hd(−2) =
(
D¯c
Hd
)
.
• The representations 10H and 10H trigger the breaking of the flipped SU(5) to the MSSM
gauge group by acquiring vevs in the SM neutral direction νcH , ν¯
c
H :
10H(1) = {QH , dcH , νcH} , 10H(−1) = {Q¯H , d¯cH , ν¯cH} .
• The inflaton S is assigned to a singlet 1S .
5¯Hu 5Hd 5¯F 10H 10H 10F 1F 1S Σ
U(1)X +2 -2 -3 1 -1 1 5 0 0
Z2 - + + + + - + + -
TABLE I: Representations of Flipped SU(5) with U(1)X and Z2 charge assignments.
The complete superpotential which is renormalizable and invariant under SU(5) × U(1)X and
Z2 matter parity, is given by
W = κS
(
10αβH 10Hαβ −M2
)
− µ
2
S2 +
λ
3
S3 + λ1 αβγδζ 10
αβ
H 10
γδ
H 5
ζ
Hd
+Yu 5¯Huα 10
αβ
F 5¯Fβ + Yd αβγδζ 10
αβ
F 10
γδ
F 5
ζ
Hd
+ Ye 5
λ
Hd
5¯Fλ 1F , (54)
where the indices α, β, · · · = 1, · · · , 5 are the SU(5) indices. We added Z2 matter parity (Table I),
with charge assignments different from those in [6, 44, 48], in order to forbid undesirable terms as
follows:
1. The bare mass term µH 5¯Hu5Hd gives rise to the MSSM mixing term µH HuHd, which
is important to trigger the electroweak symmetry breaking in the MSSM and provide the
mass for the Higgs superpartners. Indeed a new scale µH is not protected from being a
superheavy scale as the only mass scales in the theory are the GUT and the inflation high
scales. Therefore µH should be put by hand to the SUSY scale to solve the hierarchy problem
consistently. This is called the µ-problem which is a kind of naturalness problem. Hence we
forbid this term by Z2 symmetry.
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2. One may invoke a solution to the MSSM µ-problem via the gauge invariant term
λSH5S 5¯Hu5Hd which allows also for decay channels of the inflaton to the higgs. As in-
dicated in [11, 50], the singlet S can acquire a non-vanishing vev of order O(TeV) if a large
expectation value of 10H ,10H is triggered, hence SUSY breaking effects shift the vev of
S to a non-zero value of the same order as the SUSY breaking scale [50]. However, this
solution is a lost cause. In fact the mixing between the inflaton x and ν¯cH gives rise to the
coupling: λSH5 sin θ ν¯
c
H HuHd which results in a heavy mass term λSH5 sin θM . If the re-
heating from inflaton decays constrains λSH5 ∼ 10−6, then sin θ should be O(10−7) which is
extremely small and not allowed by the values in the parameter space which are determined
by inflation. Nonetheless, the former term is forbidden by Z2 symmetry as well.
A natural solution to the MSSM µ-problem is obtained via Giudice-Masiero (GM) mechanism
[14], or alternatively by putting µH = 0 at tree level and then generating it radiatively [13].
3. The proposed Z2 symmetry will forbid higher-dimensional baryon number violating operators
such as 10Fi 10Fj 10Fk 5Fl and 10Fi 5Fj 5Fk 1Fl , where i, j, · · · are flavor indices. Therefore,
proton decay will occur via dimension six operators mediated by the supermassive GUT
gauge bosons. Accordingly The proton life time predictions are consistent with the observa-
tion limits [46–49].
Moreover, terms such as 10H 10Fi 5Hd and 10H 5Fi 5¯Hu are also forbidden by Z2 symme-
try. These terms may provide heavy masses to dci , Li and Hu via the terms 〈νcH〉 dciD¯c and
〈νcH〉LiHu.4
Flipped SU(5) provides a nice solution to the doublet-triplet splitting problem via the missing
partner mechanism [45, 48]. As a matter of fact the the MSSM Higgs pair Hu, Hd doesn’t acquire
masses throught the vev 〈νcH〉 = 〈ν¯cH〉 = M since the coupling term λ110H 10H 5Hd provides the
components D¯c of 5Hd , and the corresponding components d
c
H of 10H with a superheavy mass
scale proportional to the vev M . On the other hand, the coupling term 10H 10H 5¯Hu is forbidden
by Z2 symmetry at tree level. However it can be generated at the non-renormalizable level, hence
providing the components Dc of 5¯Hu , and the corresponding components d¯
c
H of 10H with a large
mass scale. The components QH and Q¯H of 10H and 10H will be absorbed by the gauge bosons
to render them massive.
Now we discuss the terms which are relevant to the reheating. The breaking of R-symmetry
allows the non-renormalizable term
λ2
MP
10F 10F 10H 10H which is invariant under FGUT gauge
group. This term gives rise to right-handed neutrino masses and allows for decay channels for the
inflaton to right-handed neutrinos νc and sneutrinos ν˜c, via the mixing with the FGUT higgs.
Hence for M ∼ 1015 − 1016 GeV and λ2 ∼ O(10−4 − 1), the right-handed neutrino mass is
Mνc ∼ O(108 − 1014) GeV which is suitable for genrating the tiny neutrino masses via type I
4 Here we list some advantages of Z2 symmetry which is proposed to allow decay channels for the inflaton to reheat
the universe, generate Dirac mass terms for the fermions and neutrinos and prohibit mixing terms of Hu, Hd that
results in heavy masses for the Higgs. A complete phenomenology of flipped SU(5) model is beyond the scope of
this paper and one can find more details regarding the phenomenology in the literature.
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FIG. 9: A logarithmic plot for the variation of the reheating temperature versus the change in the coupling
λ2 for different values of the GUT scale M = 10
17, 1016, 1015 GeV.
seesaw mechanism. In that respect, the interaction Lagrangian responsible for the inflaton decay
is given by
Lint = λ2M
MP
ν¯cH ν
c νc +
(
2κλ2M
2
MP
S ν˜c ∗ ν˜c ∗ + h.c.
)
. (55)
After diagonalizing the mass matrix (B2), we rewrite the Lagrangian (55) in terms of the
physical states x′, α′
Lint = x′
[(
2κλ2 cos θ
√
τ0M
2
MP
ν˜c ∗ ν˜c ∗ + h.c
)
+
λ2 sin θM
MP
νc νc
]
+α′
[
λ4M
MP
cos θ νc νc −
(
2κλ2 sin θ
√
τ0M
2
MP
ν˜c ∗ ν˜c ∗ + h.c.
)]
(56)
The reheating temperature is given by [51, 52]
TR ≈ (8pi)
1/4
7
(Γx′Mp)
1/2 , (57)
where Γx′ is the total decay width of the inflaton field which is given by
Γx′ = Γx′→ ν˜c ∗ ν˜c ∗ + Γx′→ νc νc =
mx′
8pi
[(
2κλ2 cos θ
√
τ0M
2
mx′MP
)2
+
(
λ2 sin θM
MP
)2 ]
. (58)
An upper bound on the reheating temperature arises from cosmological constraints such as the
gravitino overproduction problem [53–57], and it is given by [57]
TR < 10
7 − 1010 GeV. (59)
Fig. 9 depicts the relation between the reheating temperature and the coupling λ2 according to
Eq. (57). The GUT scale is fixed with three different values M = 1017, 1016, 1015 GeV. We have
fixed the other parameters with values consistent with the inflation observables: µˆ ∼ λ ∼ 10−5,
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κ ∼ 10−2. The black dotted line gives the cosmological constrain on the reheating temperature.
The figure shows that a reheating temperature consistent with the observation bound prefers the
GUT scale M = 1015 GeV and λ2 <∼ 0.35 × 10−4. This produces right-handed neutrino masses
Mνc ∼ 108 GeV and inflaton mass mx′ ∼ 1013 GeV, hence the decay is kinematically allowed.
The tiny neutrino masses are generated via the seesaw mechanism: mν =
Y 2u v
2 sin2 β
Mνc
, where
v2 = 〈H0u〉2 + 〈H0d〉2 and β is the mixing angle in the MSSM neutral Higgs sector. As hinted by
global fit scans [58] 10 <∼ tanβ <∼ 50 and hence sinβ ∼ O(1). Therefore, in order to have neutrino
masses of the order of eV, Yu <∼ O(10−3), which is typically the same order as the first and second
generations. In deed, we may consider the different flavors interactions
λij2
MP
10Fi 10Fj 10H 10H ,
hence for up sector Yukawa couplings Y iju ∼ diag(10−5, 7 × 10−3, 1), λij2 <∼ diag(10−9, 10−4, 1).
Therefore the inflaton should decay only to the first or second generations in the neutrino sector,
as contributions from the the third generation would drive the reheating temperature to values
exceeding the the above constrain. We may assume the existence of a flavour violating sector at
high energies, without specific details, that prevents the decay to the third generation.
VI. CONCLUSIONS
In this paper, we have proposed a scenario for hybrid inflation with a maximal breaking of
R-symmetry, in no-scale supergravity context. In that respect, we have studied the FHI model
and found a region in the parameter space in which the effective potential is asymptotically flat,
which is not studied in [25]. We have treated the dynamics of all fields in full detail and realized
the waterfall phase. Moreover, we have discussed the case of adding FI D-term which results in an
effective potential similar to the ENO model but shifted.
The question of moduli stbilization and their backreaction as well as SUSY breaking has been
discussed. It has been emphasised that inflation trajectory will not be affected in specific type of
strong moduli stabilization proposed by Ellis et al.
Finally, the reheating phase has been studied in the context of flipped GUT scenario. We have
stressed on the role of the associated Z2 symmetry in low energy phenomenology and in allowing
for decay channels for the inflaton in connection to the neutrino masses. We emphasised that the
calculated reheating temperature prefers GUT symmetry breaking scale M ∼ 1015 GeV, in order
to be consistent with the cosmological constraints. Moreover the latter constrain implies that the
inflaton should decay only to the first or second generations in the neutrino sector, while the third
generation should decouple.
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Appendix A: No-scale FHI observables
The crossing horizon value of the inflaton x∗ as a function in N, b is given by
x∗ '
√
3
2
log
(1− b)
(
4N + 5− 3 log
(
5−5b
3b+3
))
3(b+ 1)
 (A1)
One can find relations between ns, N and r,N as follows
N =
1
4
[
8
√
3
r
+ 3 log(5)− 3 log
(
8
√
3
r
+ 3
)
− 2
]
N = −
4
√
4− 3ns − ns(log(125)− 2) + 3(ns − 1) log
(
3ns−4
√
4−3ns−7
ns−1
)
+ 2 + log(125)
4(ns − 1) (A2)
Appendix B: Mass matrices
For FHI and in the basis (x, α, y, β), the target space metric gij is diagonal at the minimum,
and is given by
gij
∣∣∣∣∣
min
=
3τ0
3τ0 −M2diag
[
1,
3
3τ0 −M2 , 1,
3
3τ0 −M2
]
(B1)
Therefore the mass squared matrix in the basis (x, α, y, β), (α = νcH), is given by
m =
(
M 0
0 M
)
,with M =
 27τ
2
0 (2M2κ2+µ2)
2(3τ0−M2)3 −
27
√
6Mτ
3/2
0 κµ
2(3τ0−M2)7/2
−27
√
6Mτ
3/2
0 κµ
2(3τ0−M2)7/2
81τ0M2κ2
(3τ0−M2)4
 (B2)
For FDHI, in the basis (x, α1, y, β1, α2, β2), the target space metric gij is diagonal at the mini-
mum, and is given by
gij
∣∣∣∣∣
min
= diag
[
1 +
ξ
3
,
3 + ξ
6τ0
, 1 +
ξ
3
,
3 + ξ
6τ0
,
(3 + ξ)2
18τ0
,
(3 + ξ)2
18τ0
]
.
Hence the masses are given by
m2α2 =
g2ξ(ξ + 3)5
486τ20
, m2β2 = 0 , (B3)
and the mass squared matrix of the other fields (x, α1, y, β1) is given by
m2 =
(
M2 0
0 M2
)
,with M =

(ξ+3)2(6τ0ξκ2+µ2(ξ+3))
54τ0
2τ0κµ
(
ξ(ξ+3)
2τ0
)5/2
9
√
3ξ2
2τ0κµ
(
ξ(ξ+3)
2τ0
)5/2
9
√
3ξ2
κ2ξ(ξ+3)2
36τ20
 (B4)
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